Presented at the 1998 Applied Superconductivity Conference,
September 14 - 18, 1998, Palm Desert, CA

Simultaneous Optimization of the Linear and Nonlinear Microwave
Response of YBCO Films and Devices

James C. Booth, J. A. Beall, D. A. Rudman, L. R. Vale, and R. H. Ono
National Institute of Standards and Technology, Boulder, Colorado, 80303, U.S.A.

C. L. Holloway
Institute for Telecommunication Sciences/NTIA, 325 Broadway, Boulder, CO 80303, U.S.A.

S. B. Qadri, M. S. Osofsky, E. F. Skelton, and J. H. Claassen
Naval Research Laboratory, Washington, D.C., U.S.A.

G. Gibson, J. L. MacManus-Driscoll, N. Malde and L. F. Cohen
Centre for Superconductivity, Blackett Laboratory, Imperial College, London, UK

Abstract — We present results of asystematic jmpurities produces dower surface resistand®]. While the

study of the effect of film deposition temperature : " : .
on goth the linear and non”neaf response opfsuper- effect of such impurities on the nonlineagsponse is un-

conducting YBa,Cu,0,, (YBCO) thin films and de- known, it iscertainly possible thaftactors whichlead to the

vices at microwave frequencies. Measurements of |owestsurface resistance coutesult in increasednonlinear
the unpatterned films show that samples grown by effects

pulsed laser deposition at a lower substrate tem- : .
perature (740 °C) display a smaller low-temperature In this paper we present results of a systematic study of the

;?siaduhal hzl;ffici {reaﬁi:ta{lecrﬁpgr%rpF;gff(?gséq,igs QL%WN effect of film depositiontemperature orboth the linear and
ig ubs u . w- . : .
ever, the same films which display low residualsur- nonlinear mlcrowav.e. response of HTS mate.rfa.ls‘lcated by
face resistance also show increased nonlinear ef- pulsed-laser deposition (PLD). This studynist intended to
Igfﬁieﬂﬂei‘gired Abnyalthl'rsd f(l)é]}rmgmg ?ggelrtatlon)g a(te at” be a comprehensive survey all possible film deposition
ures. ysi S ults suggests - : .
that the increased ~defects present inthe films conditions, but _|s§th§rmeant_ as an |n|t|qdeffort qt the si-
grown at the lower deposition temperature are re- Mmultaneous optimization of lineand nonlinear microwave
tsr?gnlf'lgrlﬁerfotrh'rgotﬂatr?r?ogpgveéeﬁ:rr;atggnresc;gl[saerlceEd anﬂ properties of HTS thirfilms. Wefind evidencethat the in-
| | | | \' | : . . :
these samples. We discuss the consequences of Cr€ase irdefectsresulting from film growth atower deposi-
these results for the simultaneous optimization of tion temperaturegeads to asmaller low-temperaturesurface
both linear and nonlinear microwave properties of resistance (R andalso gives rise to #rger nonlinear re-
HTS thin films and devices. . .
sponse. These results point to tiemdfor detailedstudy of
the effects of different kinds of defects and disordethansur-
face resistance and nonlinearity arder to developfilms and
devicesoptimized for both lowsurface resistancand low

nonlinearity.

. INTRODUCTION

One of the first areas of practical application Hiagh tem-
perature superconductfidTS) devices ispassivemicrowave
circuits [1]-[3]. In order to maximize device performance,
much effort has beerexpended inlearning how tofabricate
HTS materials withvery low surfaceresistance[1]. Inaddi-

tion to low microwaveloss, however, HTS materials can " . :
exhibit detrimental nonlinear behavior at microwdxegjuen- laser deposition on LaAlOsubstrates while systematically
varying the film depositiotemperature betweem40 °C and

cies [4,5]. It is becoming increasingly apparent, for so o . ) .
applications at least (such as transmit and receive filters), rtTrZ\O C [7], holding the oxygerpressure during deposition

it is desirable to fabricate devic#isat have both low non- constg nt a68 Pa (500 rT:Torr).From Fh|sser|es wesekoact
. . . . - four films grown at 740 "C and four films grown &0 °C
linearity and low microwavéoss. Since the origins afon-

linearity in HTS devices arenot well understood, it is not for detailed evaluation. The filmare15 mm x 15 mm in

. " . . : I rea,and areall nominally 400 nm thick. Filmgrown at
immediately obvious if the same film growth conditions th ° . :

. i . 80 "C have an inductive J(onset) 0f90.5 K t0 90.9 K,
lead to low surface resistance will also produce low nonlinear-

ity. In the case ofsingle crystals of YBEWO,, (YBCO), whereaghe samples grown &40 "C have an inductive T

i ; . ; approximately 0.5 to 1 Kower than the780 °C films. In-
for example, increasing concentrations agfrtain types of . . o -
ductive measurements give similar values for the crittoal

Il. FILM DEPOSITIONCHARACTERIZATION

We have grown a series of 18 YBGRIn films by pulsed

I\C/Iantu_sbcrtipt re?ztaéveg ge%tember 15,t 199tS. ot - rent density a76 K (3= 3.2 t03.5 x 16 A/cm?) for both
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outgrowths (“boulders”) for affilms, but the films grown at
lower deposition temperature show a significatdhger den-
sity of growth islands than films deposited at higtesnpera- 7 10P
tures, which is consistent witbarlier observations [8]. In
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addition to producing a larger density growth islands, the 5 6 10+

lower deposition temperature is generally thoughintmrpo- 5 .3 )

rate more defects into the film asgtows [8]. The motiva- L‘E 510 30 40 50 60 70
tion for varying the film depositiotemperature irthis study > : Temp. (K)

is therefore tanvestigate theeffect of these kinds oflefects T 410

. . . . =)
on both the lineaandnonlinearelectrodynamic properties of & FL 780 °C
these materials at microwave frequencies. 310

In addition tothe standardcharacterizatiomescribedabove,
. . 210F

we also selectepresentativessamples grown af40 "C and
780 °C for further microstructuraknalysis, whichincludes 110

Raman spectroscopy measurements §H high resolution :
x-ray diffraction measurementd0]. Ramanspectroscopy oL—L L 1 nde
measurements on the 740 &8d 780 °C samples show that 20 30 40 50 60 70 80 90 100
both sets of filmshave similar levels of cationdisorder Temperature (K) _
(approximately 2-3%), and similar low levels of a-aiwer- £ L Jemperaiue dependence of sappnire dieeciic resomity
age. Thex-ray measurementwe performedising adiffrac- and 740 °C. The inset shows values for the surface resistance at 17.5 GHz
tometer which has a very higingular resolution o&pproxi- extracted from the dielectric resonator measurements.

mately 0.0025degreg[10]. The c—axis latticgparameter is
determined to be 1.168 nm for all samples, indicative of full
oxygenated YBCQnaterial. In additionthe x-ray measure-
ments show no evidence for a-axis growtiwn to the reso-
lution limit of the instrumentgestimated to be& 2%. (The
presence of a-axis growthiidferredfrom the presence of the
(200) peak inthe 6-26 scans.) These measuremerggeal
little structuraldifferencebetweensamples grown adifferent
deposition temperatures, brginforcethe conclusion that all
the films investigated are structurally good.

electric resonator with measurements of the penetrdépth
4t 77 K [12] on representative samples. Note thaffitimes
grown at lower deposition temperature exhibit a smatduie
of o, than the samples grown @80 °C over the entiragem-
peraturerange. (The smalleo,; could result from ahigher
guasiparticle scatteringate, since thguasiparticle scattering
rate is inversely proportional tm.) A higher scatteringate
is consistent with the lowdilm depositiontemperatureoro-
ducing films having more defects. In addition to a reduxed
the lower deposition temperature also gives a smaller value of
0,, which is an indication of a smaller superconductiagier
density (or equivalently, darger penetration depth). Al-
though the decreased produces a lowesurface resistance at
low temperature, by 76 K theffect of the lowercarrierden-

ity (larger penetration depth) has caused the surface resistance
of the 740 °C samples to increase above the surface resistance
for the 780 °C samples. This results in theross-over at
approximately70 K in the temperaturedependence of the
dielectric resonator quality factor (and hence also in the surface
resistance) illustrated in Fig. 1.

I1l. UNPATTERNED MICROWAVE MEASUREMENTS

We measure the surface resistancg@K of all films us-
ing a sapphire dielectric resonator operating at 17.5 GHz [1
andobtain values in theange0.8 to 1.3 M@ (which gives
0.26 to 0.42 @2 when scaled by*fto 10 GHz). Wefind that
the surface resistance at 76n¢reaseslightly for the films
grown at lower deposition temperatures. For 746 °C and
780 °C sets of films we alsmeasurehe microwaveloss as
a function of temperature, shown kig. 1. Thesemeasure-
ments illustrate that at lowneasurement temperature the
740 °C films have asignificantly lower surface resistance
than the 780 °C films, resulting in a high@nloaded) reso-
nator quality factor. Thi®ehavior is alsddisplayed in the
inset of Fig. 1,which shows values for Fat 17.5GHz ex-
tracted from the dielectric resonator measurements.

To further investigate thdifference inmicrowave response
of our YBCO films grown atdifferent depositiontempera-
tures, we extract from ouemperature-dependent Rieasure-
ments the real and imaginary parts of the comptEductiv-
ity (0 =0, + i g,), whichareshown in Fig. 2. This is ac-
complished by combining théemperature-dependent meas
urements of the qualitfactor and frequencyshift of our di-

IV. DEVICE FABRICATION AND CHARACTERIZATION

In order to facilitate measurement of the nonlinearity in our
YBCO thin films at microwave frequencies, wgattern our
samples intccoplanar waveguidéCPW) transmission lines
of varying dimensions usingtandardphotolithography and
Ar ion milling. We pattern many different CPW devices on a
single YBCO chip in order toverify that ourmeasurements
yield the intrinsic material properties of treperconductor,
ratherthan possiblemeasurement odevice-relatedartifacts.
Both linearandnonlinear microwave measuremesi® per-
formedusing avector networkanalyzerand acryogenic mi-
crowaveprobestation, which allowdor the characterization



410

3510+
31¢

IS
<2510
G

a4 210
©151¢

110

510
0

20 30 40 50 60 70 80 90 ®©O
Temperature (K)

20 30 40 50 60 70 80 90 100
Temperature (K)

Fig. 2. Temperature dependence of (a) the real part of the compiex

ductivity o, and (b) the imaginary part of the complex conductiatyfor

YBCO films deposited at 740 °C and 780 °C.

of manyindividual devices on a@iven chipduring asingle

cool-down. Gold contactare evaporatednto the CPW de-
vices to ensurgood electrical contact betwedime movable

microwave probes anthe patterned devicesMore details of

devicefabricationand cryogenic probestation measurements

can be found in [13], [14].

To make certaithat thesuperconducting materialas not

changed or degraded during deviabrication, we measure the
quality factor as a function of temperature fatterned CPW

resonators of lengti1.35 mm and width 21 um, which

have a fundamental resondrgquency of3.7 GHz. The re-
sults of these measurements, shown as points in Fapn3,

firm that thepatternedstructures display the samealitative

shape as observed the unpatternedneasurements, with the

740 °C samples having a higher qualifiactor than the

780 °C samples at low temperatures.

fuidher verify that
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Fig. 3. Quality factor for patterned CPW resonators vs. temperdale;
cated from YBCO films grown at 740 °C and 780 °C. Timgividual points
represent Q measurement for a 21 pum wide, 11.35langhCPWresona-
tor at its fundamental frequency of 3.7 GHz. The solid linegfezeretical
values for the quality factor based on a model calculaiging themeas-
urement data for the unpatterned films shown in Figs. 1 and 2.

our CPW devices are operating as expected, we use a theoreti-
cal calculation of the phasmdattenuation constant for su-
perconducting planadevices [15] tocalculate the expected
quality factor for the CPW resonators. We use as input to the
calculation thetemperaturedependent dattor the surface re-
sistanceand penetration deptimeasured orthe unpatterned
samples, and obtain results whiate shown as the solid and
dashed lines ifrig. 3. Overall, wecan concluddrom these
resonator measurementisat our patternedCPW lines are
operating exactly asxpectedrom our unpatterned measure-
ments.

V. NONLINEAR MEASUREMENTS

We characterizehe nonlinear response of osupercon-
ducting samplesising third harmonic generatiomeasure-
ments as a function aghicrowave power in patterned CPW
transmission lines. This technique detects the thaminonic
signal generated by nonlinearities in our system as a function
of incident microwave power. We use a netwarlalyzer in
continuous wave (CWinode as a source to providesiagle
tone signal at a frequency of 3 GHz. This signdédsinto a
solid-state amplifier and then through a low-pass fifegnich
removesunwanted harmonicsgenerated bythe source and
amplifier), and then into theryogenic probestation contain-
ing our superconducting transmission lines. Turalamental
signal and any generated harmoracssampled athe output
of the probe statiomising a 20 dBdirectional couplercon-
nected to a spectrum analyzetile the main signal path is
terminated in a high power %D load.

The results of such a measurement of third harmgenc
eration as a function of incidepbwerareshown inFig. 4.



(The units ofpower quoted aradecibelsreferenced tdl mW,
abbreviated dBm.)For nonlinearities thaaresmall, we ex-
pect the magnitude of the third harmonicitoreasewith the
third power ofthe incidentsignal. Thisyields a slope of 3
for the third harmonic signal whernewed on dog-log plot,
as illustrated in Fig. 4. We obtain this typebwthavior for
almost all of the devices that we measure. alfeptthe con-

the third-order intercept to be transformed to tatke account
different devicegeometries, such asenter conductorine
width, line length,andfilm thickness. We accomplisthis
by scaling themeasured R, for different geometry samples
to a standard reference geometry [17].tHis manner we can
guantitatively comparehe nonlinear response dfifferent
samples even if the specifievicegeometry isdifferent. In

vention to specify the nonlinearity in a specific circuit byaddition, we havealso reportedthat the measured third-order

quoting thethird-orderintercept Ry, which is defined as the
point at which themagnitude of the third harmoniwould
becomeequal to the magnitude in thdundamental (see
Fig. 4). In practice, the criticalurrent density othe super-
conductor isexceededwell before this power is reached.
However, thethird-orderintercept isstill a usefulfigure of
merit for specifying the nonlinearitgssociatedvith a given
component.

We expecthe simple “slope 3behavior of the thirchar-
monic signal described above to be validay as thenon-
linearity can beconsiderecsmall. If wedrive the system at

intercepts for ouCPW devices areelatively insensitive to
the details ofthe devicefabrication process. Theswo ex-
perimental conclusions combine to give us a powedol

for determining the intrinsic material nonlinearities present in
our samples.

Fig. 5(a) shows themeasured third-ordeintercepts as a
function of temperature for severdifferent samplesscaled in
the mannerdescribedabove[17]. The samples grown at
740 °C have lower values of £ (indicating morenonlinear-
ity) than the 780 °C samples over the entiremperature
range. This higher nonlinearity is in contrast to the results of

high enough power, this small-signal approximation begirmur surface resistanameasurements fdsoth theunpatterned
to break down. Such acase isillustrated in the inset of films andthe patterned devicesyhich show betteperform-
Fig. 4, where the detected power in the third harmonic begiaacefor the 740 °C samples over much of thiavestigated

to saturate ahigh incident power. In defining aaccurate
value for thethird-orderintercept, it is important t@xclude

such regions where the assumptions of a small third harmosimples:

signal are no longer valid.

temperature range. Reference to Fig. 2 suggests two possible
reasons for the higher nonlinearibpserved inthe 740 °C
ther40 °C sampleshave a lower value ob,
(implying perhaps a higher quasiparticle scattering rate), and a

Having defined the third-order intercept as a quantitative smaller superconductingcarrier density (or equivalently a

measure ofonlinearity for a given HTSlevice, weneed a
way to relate third-order intercepts fdeviceshaving different

larger superconducting penetration depth). Hikely that
both of thesdactors contribute tahe increasednonlinearity

physical dimensions iorder tomake useful comparisons of observed in the 740 °C samples.

nonlinearity amonglifferent samples. Wehave developed a
method,described inanotherpublication [16], which allows
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Fig. 4. Measured power in the fundamentg) @d third harmonic (f as
a function of incident power. Solid linese fits of slope 1for the funda-
mental and slope 3 for the third harmonic. The intersection of these
lines defines thehird-order intercept. Inset: example of deviatfoom

To further investigate the origins of the observed differences
in nonlinear response, we use a simpledel [16,18] that
relates third harmonic generation to iatrinsic material pa-
rameter, the nonlinear scaling current densjty Jhis model
assumes a nonlineanductanceterm in the characteristic
transmission line equations, which arises fromcuarent-
dependenmagnetic penetration depth. this analysis, the
third-order interceptsdepend explicitly on the penetration
depth. This model has beesed tosuccessfullydescribe the
observed geometrydependencéor a large number of CPW
devices, yieldingthe geometry-independent parameter td
guantify the observed nonlinearity [16]. We use this model to
calculatethe temperaturalependence ahe nonlinearcurrent
density Jin order to eliminate the intrinsic penetratidepth
dependence ofhe measured third-ordentercept R,,. The
resulting values of,Jas a function ofemperatureare plotted
in Fig. 5(b) for the 740 °C and 780 °C samples. This figure
shows that th&40 °C samples stilldisplay morenonlinear-
ity (as evidenced by the lower value fgr)dhan the780 °C
samples, even after the larger penetration depth has been taken
into account. This suggests that the remaiiiffgrence in
J, may be related to differences in tteal part of theconduc-

olyity 0. If this is the case, then tiypiasiparticle scattering
may be at least partly responsible for both the lowearid

slope three of third harmonic signal that occurs for high incident powers. lower 3 observed inthe moredisordered740 °C samples
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Fig. 5. Temperature dependence of (a) the scaled third-order intercept and

(b) the nonlinear scaling curredensity | for fims grown at deposition
temperatures of 740 °C and 780 °C.

Such a common origin is alsuggested byhe fact that the
ratio of J at low temperatures ofhe 740 °C and 780 °C
samples (approximately a ratio of 2) is roughly the same
the ratio of the real part of the conductivityfor the samples
at low temperatures; see Fig. 2(a).

CONCLUSIONS

We have systematicallgxploredthe effect of varying the
film depositiontemperature otboth the lineaandnonlinear

microwave response ®iTS films and devices fabricated by
pulsed-lasedeposition. Our measurements suggest that they

increased defectsresent infilms grown atlower deposition
temperatures are responsible at least in part for botiowres

surface resistance and also the higher nonlineabisgrved in
these samples. Further microstructural analysizetessary

to understandhe nature of thelefectspresent in thesesam-
ples. Inorder todevelop aviable process tgroducefilms
with simultaneous low Randhigh Py, it is necessary to
find methods by which to decrease the real part otctimeluc-
tivity (to achievelow R) without adversely affecting either
the penetratiomlepth orthe nonlinear scalingurrent density
J,- These results illustrate the necessity of investigating the
effects of differenkinds of defects and disorder oboth the
surface resistance and nonlinearityailer todevelop a proc-
ess for simultaneously optimizing both the lineadnonlin-
ear properties of HTS films and devices.
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